In this study, the cold-start failure processes of a polymer electrolyte fuel cell have been investigated numerically for different initial membrane water content λ 0 and the startup current densities I 0 . The result shows that the failure of the cell cold-start process is mostly attributed to the anode dehydration when the cell operates with relatively large current density. However, the failure is dominated by the cathode pore blockage when the cell starts with relatively high initial membrane water content. Corresponding maps for the classification of startup failure modes are plotted on the λ 0 − I 0 plane with different startup temperatures. Three zones, including the anode dehydration, the cathode pore blockage, and the ambiguous region, can be observed. They can be distinguished with different startup failure mechanisms. The anode dehydration zone is expanded as the cell startup temperature drops due to the weakening of the membrane water back-diffusion ability. In the ambiguous region, the startup failure phenomena may be either anode dehydration or cathode pore blockage, which depends on the stochastic freezing process of the supercooled water.
Introduction
Polymer electrolyte fuel cell (PEFC) is one of the most potential power supplies in the automotive industry due to its high-power density, high efficiency, low operating temperature, and zero-emissions [1] . However, the cell startup from subfreezing temperature (referred to as cold start) is still a significant issue. The electrochemical reaction would be stopped due to gas starvation if the cell temperature cannot grow above the freezing point before the catalyst layer (CL) is fully blocked by ice [1] .
In the previous decade, the ice formation and heat transfer inside the PEFC during the cold-start process has been examined comprehensively by both experimental measurement and numerical simulation. In quite a few experimental investigations, the effects of operating conditions [2] [3] [4] [5] [6] (e.g., temperature, initial membrane water, and current density) and cell design parameters (e.g., ionomer-to-carbon ratio in CL [7] , cathode Pt loading [8] , pore diameter of gas diffusion layer (GDL) [9] , and micro-porous layer (MPL) [10, 11] ) on the cell cold-start performance have been the main concern. It has been pointed out that the process of PEFC cold start can be divided into three stages, including the membrane hydration, the ice formation and the ice melting [12] . Based on this experimental evidence, a non-isothermal and multiphase model has been developed to describe the electrochemical model is introduced briefly in the following next section. The classification of the failure modes caused by anode dehydration or cathode pore blockage is presented in Section 3, which is followed by the conclusions.
Numerical Model
In this study, following the previous literature [21, 22, 35] , the PEFC with a single GC is considered. It includes all the major components, such as bipolar plates (BPs), GDLs, CLs, MPL, and MEM, as shown in Figure 1 . The coolant channel is not considered, which indicates the exclusion of external heating during the cold-start process. The cell geometry and material parameters are given in Table 1 . The simulation method is based on the cold-start model in our previous literature [35] . For the integrity of the article, the numerical model is briefly described, with the following assumptions being adopted.
(1) The gas mixture is incompressible due to the small pressure gradient; (2) The gas flow in GCs and porous components (e.g., GDLs and CLs) is laminar due to the low flow Reynolds number; (3) The porous parts of the PEFC are isotropic and homogeneous, which can be characterized by the effective porosity and permeability; (4) The water diffusion caused by the concentration gradient in MEM is considered, which is irrespective of the hydraulic pressure gradient; (5) The electrochemical double-layer effect in CLs and the gravitational effect are both ignored.
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(1) The gas mixture is incompressible due to the small pressure gradient; (2) The gas flow in GCs and porous components (e.g., GDLs and CLs) is laminar due to the low flow Reynolds number; (3) The porous parts of the PEFC are isotropic and homogeneous, which can be characterized by the effective porosity and permeability; (4) The water diffusion caused by the concentration gradient in MEM is considered, which is irrespective of the hydraulic pressure gradient; (5) The electrochemical double-layer effect in CLs and the gravitational effect are both ignored. 
Governing Equations
The governing equations include the conservation equations of mass, momentum, gas species, membrane water, liquid water, ice, charge, and energy. The corresponding formulas can be expressed as follows [35] :
where ε is the porosity of CLs, MPL, and GDLs. s l and s i indicate the volume fraction of liquid water and ice in the porous pore. ρ g and u g denote the density and flow velocity of the gas mixture, respectively.
where p g and µ g denote the pressure and dynamic viscosity of the gas mixture.
•
Gas species conservation
where Y n is the mass fraction of the each species (including H 2 , O 2 , and H 2 O) in the gas mixture.
D eff n is the effective diffusivity. The density of gas mixture ρ g can be expressed as
where EW and ρ mem denote the equivalent weight and the density of MEM. ω indicates the ionomer volume fraction in CLs. λ is the membrane water content. D mw is the membrane water diffusivity, which is defined as a function of temperature.
where ρ l is the density of liquid water, and µ l is the dynamic viscosity. K l is the permeability of liquid water in the porous components, and p l is the liquid pressure. The liquid water would exist in the form of supercooled water when the cell temperature is below the freezing point T f .
where ρ i is the density of ice.
Charge conservation ∇ · κ eff e ∇φ e + S e = 0 (7)
where φ e and φ s denote the potential of the electrolyte and solid phase. κ eff e and κ eff s are effective ionic conductivity and electronic conductivity. 
where T denotes the cell temperature, ρC p eff fl,sl represents the effective volumetric heat capacities, and k eff fl,sl represents thermal conductivity of fluid and solid phase. The source terms S m , S H 2 O , S mw , S l , S i , S T , S s , and S e in the conservation Equations (1) to (9) indicate the volumetric sources, which are closely related to the phase change process of water in the PEFC.
Modeling of the Water Phase Change Processes
During the cold-start process, as being mentioned in previous literature [24, 35] , the water inside the cell can exist in the form of vapor phase, liquid phase (supercooled water below freezing point T f ), membrane water or ice. Figure 2 illustrates the phase change processes in the PEFC [35] . During the operating period, the water in the 'dissolved' stage, which is considered as the membrane water, is produced in CCL due to the oxygen reduction reaction (ORR) [35] . Here, the mass transfer between the membrane water and water vapor is considered, as labeled with 1 , which represents the hydration/dehydration process of the electrolyte. The corresponding expression of this process is given as
Here, α mw−v denotes the phase change rate between membrane water and water vapor. λ equil indicates the equilibrium membrane water content. It is defined as a function of the water activity a with the following relationship [39] λ equil = 0.043 + 17.81a − 39.85a 2 + 36.0a 3 0 < a ≤ 1
Here, the water activity a is expressed as [40] a = p vp p sat,l + 2s l (12) where p vp is the partial pressure of water vapor in the gas mixture. The membrane water tends to be gradually promoted while ORR continues. As p vp equals to p sat,l , the value of a is 1.0. Liquid water will be desorbed from the electrolyte. This process, which is labeled with 2 in Figure 2 , can be expressed as
Here, α mw-1 is the desorption rate, and ζ is a switching function. It is set to be 1 when the freezing process occurs in the cell. Otherwise, ζ is 0. If the cell temperature is above T f , ζ is set to be 0 constantly since the freezing process does not happen. Meanwhile, the phase change process (condensation/evaporation) between the vapor and liquid water, which is labeled with 3 in Figure 2 , can be expressed as
Here, α con and α evap are the phase change rate of condensation and evaporation process.
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As it has been mentioned previously, when the temperature is under the freezing point T f , the liquid water in the cell could be in the supercooled water form with unstable thermodynamic properties. Its freezing process depends on the stochastic appearance of ice nucleation particles [41, 42] . When the presence of nuclei is assumed to be independent, the nucleation process can be evaluated based on the Poisson distribution [43] . According to the classical nucleation theory (CNT), after time interval ∆t, the freezing probability can be calculated according to the following expression [35] 
Here, V d indicates the volume of supercooled water. ∆T = T − T f is the super-cooling temperature. C 0 and C 1 are parameters, which can be fitted according to the experimental results. In this study, according to the preliminary results of Dursch [44] , we choose C 0 = 112.7 × 10 8 nuclei m −3 s −1 and C 1 = 40.3 × 10 4 K 3 . It is worthy to be noted that the supercooled water is assumed to be interconnected inside the cell, and the freezing process happens simultaneously [35] . Based on Equation (15) , the occurrence of the freezing process can be estimated. The phase change process labeled with 4 in Figure 2 can be expressed as
Here, α icing denotes the phase change rate. In Figure 2 , as labeled with 5 , the desorbed membrane water will change into the ice rather than the supercooled water when the freezing process occurs. According to the X-ray diffraction [45] and neutron scattering [46] experiments, the ice crystals have been observed on the membrane surface. It implies that the water may crystallize in the porous pore of CL or GDL rather than inside the membrane/electrolyte. Meanwhile, as labeled with 6 , the de-sublimation process between the water vapor and ice will occur. The partial pressure of water vapor p vp will decrease from p sat,l to p sat,i [35] . The membrane water desorption is then driven by the difference between p sat,i outside the membrane and p sat,l inside the membrane [47] . According to the ratio between p sat,i and p sat,l , the maximum membrane water content, which can also be recognized as the saturated membrane water content λ sat , can be derived as a function of the cell temperature [35] . The desorption process from membrane water to ice labeled with 5 in Figure 2 can be expressed as
Here, α mw-i denotes the desorption rate. The de-sublimation process from water vapor to ice labeled with 6 can be expressed as
where α de-sub denotes the de-sublimation rate. Since the ORR in the CCL is an exothermic process, the cell temperature will grow as the cell keeps operating. When the cell temperature grows above the freezing point T f , the ice begins to melt. The melting process labeled with 4 can be expressed as
where α melting is the melting rate from ice to liquid water. Clearly, the source terms S m , S H 2 O , S mw , S l , and S i in conservation equations include the phase change term S mw-v , S mw-l , S v-l , S l-i , S mw-i , and S v-i . The detailed expressions for each source term can be found in [35] . 
, and v-i S . The detailed expressions for each source term can be found in [35] . 
Numerical Method and Boundary Conditions
The governing equations are discretized and solved in the commercial CFD software package FLUENT 16.0 based on the finite volume method. The source terms are implemented by using userdefined functions (UDFs). The second-order upwind is chosen for spatial discretization. The grid independence study is carefully carried out. As shown in Figure 1 , the total number of structured mesh used in the simulation is 204,000, which is refined in MEM, MPL, and CLs.
The stoichiometric mass flow rates of dry hydrogen and oxygen with relative humidity equaling zero are assigned at the anode and cathode inlets of the GC, respectively. The ambient temperature, which is treated as the startup temperature, is also set to be the inlet gas temperature. At the outlets of the GC, constant pressures equaling to 1 atm are prescribed. The potential of the solid phase on the end surface of anode BP is set to be zero. The constant current density is defined at the end surface of cathode BP for the galvanostatic condition. The symmetric boundary condition is applied on both sides of the computational domain. Since the cell is heated up by the heat generated by its reaction, the end surfaces of both anode and cathode BPs are assumed to be adiabatic. The specified boundary conditions are listed in Table 2 . 
The governing equations are discretized and solved in the commercial CFD software package FLUENT 16.0 based on the finite volume method. The source terms are implemented by using user-defined functions (UDFs). The second-order upwind is chosen for spatial discretization. The grid independence study is carefully carried out. As shown in Figure 1 , the total number of structured mesh used in the simulation is 204,000, which is refined in MEM, MPL, and CLs.
Results and Discussion
The accuracy of the present cold-start model and the values of corresponding parameters are firstly evaluated against the experimental measurements [2] . Figure 3 shows the comparison of the simulated voltage curves and the experimental data [2] . The applied current density is an initial ramp of 0.04 Acm −2 for 80 s followed by constant 0.04 Acm −2 . The cell initial membrane water content in MEM and CLs is λ 0 = 6.2, and the cell starts from −20 • C and −30 • C, respectively. For each situation, the calculation is repeated. Though the cell starts from the identical initial conditions, the freezing process may occur at a different time due to the stochastic freezing behavior of the supercooled water [35] . Here, only two representative results are given, and the numerical results are statistically in good agreement with the experimental data, as shown in Figure 3 . The cell voltage tends to drop promptly when the freezing process occurs.
The accuracy of the present cold-start model and the values of corresponding parameters are firstly evaluated against the experimental measurements [2] . Figure 3 shows the comparison of the simulated voltage curves and the experimental data [2] . The applied current density is an initial ramp of 2 0.04 Acm − for 80 s followed by constant 2 0.04 Acm − . The cell initial membrane water content in MEM and CLs is 0 6.2 λ = , and the cell starts from −20 °C and −30 °C, respectively. For each situation, the calculation is repeated. Though the cell starts from the identical initial conditions, the freezing process may occur at a different time due to the stochastic freezing behavior of the supercooled water [35] . Here, only two representative results are given, and the numerical results are statistically in good agreement with the experimental data, as shown in Figure 3 . The cell voltage tends to drop promptly when the freezing process occurs. In this study, it is worthy to note that we are concerned about the effects of startup current density and initial membrane water content on the failure modes of the PEFC cold-start process. The cold-start processes of PEFC are simulated comprehensively with various operating conditions. The cell starts from −20 °C and −30 °C, respectively, with a constant current density, which is applied without the initial ramp (as presented in Figure 3 ). The simulation is suspended when the cell output voltage drops rapidly below 0.35 V, and the cell cold-start process is recognized as fail. The corresponding time is defined as the shutdown time. Here, the cell performance of the failed cold-start process is merely considered. Based on the simulation results, the classification maps of startup failure modes on the 0 0 I λ − plane are plotted with different startup temperatures (e.g., −20 °C and −30 °C).
The Failure Modes in the Cold-Start Process
We now focus on the failure modes of the cell cold-start process. The cell starts from −20 °C, and the evolution of cell voltage with different startup current density and initial membrane water In this study, it is worthy to note that we are concerned about the effects of startup current density and initial membrane water content on the failure modes of the PEFC cold-start process. The cold-start processes of PEFC are simulated comprehensively with various operating conditions. The cell starts from −20 • C and −30 • C, respectively, with a constant current density, which is applied without the initial ramp (as presented in Figure 3 ). The simulation is suspended when the cell output voltage drops rapidly below 0.35 V, and the cell cold-start process is recognized as fail. The corresponding time is defined as the shutdown time. Here, the cell performance of the failed cold-start process is merely considered. Based on the simulation results, the classification maps of startup failure modes on the λ 0 − I 0 plane are plotted with different startup temperatures (e.g., −20 • C and −30 • C).
We now focus on the failure modes of the cell cold-start process. The cell starts from −20 • C, and the evolution of cell voltage with different startup current density and initial membrane water content is simulated repeatedly. Here, only one representative result is profiled without loss of generality. In Figure 4a , the effects of startup current density on the cell performance is presented. The initial membrane water content is λ 0 = 3.0. When the startup current density is I 0 = 0.205 A/cm 2 or less (e.g., I 0 = 0.200 A/cm 2 ), the cell voltage grows during the initial stage. This is attributed to the hydration process of electrolyte in CCL and MEM, as well as the increase of cell temperature, as illustrated in Figure 5a . The volume-averaged membrane water in MEM increases slowly during the initial stage, whereas the membrane water content in CCL rises promptly. It means that the CCL electrolyte can absorb the product water effectively. However, during the initial startup stage, the volume-averaged membrane water content in the anode CL (ACL) decreases. This indicates that the transfer of membrane water in ACL is dominated by the electro-osmosis flux rather than the diffusion caused by the concentration gradient of membrane water. When the local saturation of the membrane water in CCL is achieved, the supercooled water begins to desorb. As shown in Figure 5b , the freezing process occurs at t = 9.3 s, and the supercooled water instantly freezes with rapid releasing of latent heat. This leads to an instantaneous rise of the CCL temperature [35] . As a result, a peak of cell voltage can be observed, as shown in Figure 4a . A similar phenomenon has also been caught in the experimental observation [30] .
stage, the volume-averaged membrane water content in the anode CL (ACL) decreases. This indicates that the transfer of membrane water in ACL is dominated by the electro-osmosis flux rather than the diffusion caused by the concentration gradient of membrane water. When the local saturation of the membrane water in CCL is achieved, the supercooled water begins to desorb. As shown in Figure 5b , the freezing process occurs at 9.3 s t = , and the supercooled water instantly freezes with rapid releasing of latent heat. This leads to an instantaneous rise of the CCL temperature [35] . As a result, a peak of cell voltage can be observed, as shown in Figure 4a . A similar phenomenon has also been caught in the experimental observation [30] . that the transfer of membrane water in ACL is dominated by the electro-osmosis flux rather than the diffusion caused by the concentration gradient of membrane water. When the local saturation of the membrane water in CCL is achieved, the supercooled water begins to desorb. As shown in Figure 5b , the freezing process occurs at 9.3 s t = , and the supercooled water instantly freezes with rapid releasing of latent heat. This leads to an instantaneous rise of the CCL temperature [35] . As a result, a peak of cell voltage can be observed, as shown in Figure 4a . A similar phenomenon has also been caught in the experimental observation [30] . After the freezing process occurs, the membrane water in CCL is confined to the saturated content (e.g., sat 8.8 λ = at −20 °C) [21, 35, 39] . The redundant membrane water in the electrolyte desorbs in the state of ice [35] . Additionally, the ice density is smaller than that of liquid water. As a After the freezing process occurs, the membrane water in CCL is confined to the saturated content (e.g., λ sat = 8.8 at −20 • C) [21, 35, 39] . The redundant membrane water in the electrolyte desorbs in the state of ice [35] . Additionally, the ice density is smaller than that of liquid water. As a result, the ice volume fraction is larger than the corresponding volume fraction of supercooled water, as shown in Figure 5b . According to Figures 4a and 5b , when the averaged volume fraction of ice in CCL approaches 0.8, the cell voltage begins to drop quickly, and the cold-start process fails. The corresponding distribution of the ice volume fraction in CCL is shown in Figure 5c at t = 35.2 s. The local ice volume fraction s i is almost larger than 0.9 in most CCL regions. This indicates that almost all the reaction sites in CCL are isolated from the oxidant. The failure of the cold-start process is physically attributed to the ice blockage of the cathode pore. This failure mode is the most common phenomenon in the failed cold-start process of PEFC. Moreover, as shown in Figure 5a , we know that the membrane water content in MEM does not reach saturation yet, even though the cell cold-start process failed. The membrane water keeps diffusing from the CCL into the MEM. As a result, the ice volume fraction near the CCL/MEM interface is relatively smaller than the rest part of the CCL. This can also be confirmed in Figure 5c .
In Figure 4a , when the startup current density increases to I 0 = 0.210 A/cm 2 , the initial cell voltage becomes lower than that in the previous situation, and the cell operating time shortens drastically. According to the previous simulation with I 0 = 0.205 A/cm 2 , we know that the CCL pores cannot be blocked completely by the product water or ice within 4s. Undoubtedly, there exists another mechanism, which leads to the rapid dropping of cell voltage. In Figure 6a , the evolution of the volume-averaged membrane water content in ACL, MEM, and CCL are presented. Similar to those in the previous situation, the membrane water content in CCL grows rapidly due to the initial hydration process. The membrane water content in MEM remains almost constant. Due to the role of the electro-osmotic drag (EOD), which dominates over the back-diffusion ability between the MEM and ACL, the ACL membrane water content drops permanently. This results in a dramatic increase in cell ohmic resistance and a rapid drop of the cell voltage, as shown in Figure 4a . In other words, the failure of the cell cold-start process is caused by the anode dehydration. Although this phenomenon has often been observed in the fuel cell with normal temperature and high current loads [48] , it is rarely mentioned in the cold-start process in previous literature [49] . As shown in Figure 6a , the ACL volume-averaged membrane water content drops to less than 1.32 when the cell is shut down. The distribution of the membrane water content in ACL is presented in Figure 6b . The minimum membrane water content locates near the interface between ACL and MEM, and the corresponding proton conductivity will become very small. This indicates that the proton transfer from ACL to MEM will be impeded severely.
In Figure 4b , it shows the effects of the initial membrane water content on cell cold-start performance. The startup current density is fixed at I 0 = 0.2 A/cm 2 . The cell is ceased in a short time when the initial membrane water content is relatively small, e.g., λ 0 = 2.80 or λ 0 = 2.85. The failure of the cold-start process can be attributed to the anode dehydration. However, the cell shutdown time tends to increase significantly when the initial membrane water content is raised to λ 0 = 2.90 or λ 0 = 2.95. This indicates that the failure mode of the cell cold-start process has changed from the anode dehydration to the cathode pore blockage.
According to the above analysis, it can be concluded that the failure of the cell cold-start process can be distinguished into two modes (the anode dehydration and the cathode pore blockage), which are attributed to different physical mechanisms. In principle, the dominant failure mode can be determined according to the cell startup current density and the initial membrane water content. When the cell starts with relatively large current density and low initial membrane water content, anode dehydration would be the dominant failure mode. However, the cell failure mode could be dominated by the cathode pore blockage, when the cell starts with high initial membrane water content and relatively small current density. in a short time when the initial membrane water content is relatively small, e.g., 0 2.80 λ = or 0 2.85 λ = . The failure of the cold-start process can be attributed to the anode dehydration. However, the cell shutdown time tends to increase significantly when the initial membrane water content is raised to 0 2.90 λ = or 0 2.95 λ = . This indicates that the failure mode of the cell cold-start process has changed from the anode dehydration to the cathode pore blockage. According to the above analysis, it can be concluded that the failure of the cell cold-start process can be distinguished into two modes (the anode dehydration and the cathode pore blockage), which are attributed to different physical mechanisms. In principle, the dominant failure mode can be determined according to the cell startup current density and the initial membrane water content. When the cell starts with relatively large current density and low initial membrane water content, anode dehydration would be the dominant failure mode. However, the cell failure mode could be dominated by the cathode pore blockage, when the cell starts with high initial membrane water content and relatively small current density. plane can be distinguished into three conspicuous zones as follows: (i) the cathode pore blockage zone, which locates in the area with relatively high initial membrane water content and small startup current density; (ii) the anode dehydration zone, which locates in the area with relatively low initial membrane water content and large startup current density; and (iii) the ambiguous zone, which locates between the above two zones, and it narrows significantly when the initial membrane water becomes low (or the startup content density is relatively small). In the ambiguous zone, the cold-start failure mode may be either cathode pore blockage or anode dehydration. It is attributed to the stochastic freezing behavior of the supercooled water. For each initial membrane water content, two critical current densities can be identified, as distinguished by the solid and dashed lines, In this section, the cell cold-start processes are simulated comprehensively with various initial membrane water contents λ 0 and startup current densities I 0 . The failure process and the corresponding failure mode are classified and profiled on the λ 0 − I 0 plane, as illustrated in Figure 7 . It exhibits the map of the failure mode for the cell starts from different startup temperatures (−20 • C and −30 • C) with various initial membrane water contents and current densities. The λ 0 − I 0 plane can be distinguished into three conspicuous zones as follows: (i) the cathode pore blockage zone, which locates in the area with relatively high initial membrane water content and small startup current density; (ii) the anode dehydration zone, which locates in the area with relatively low initial membrane water content and large startup current density; and (iii) the ambiguous zone, which locates between the above two zones, and it narrows significantly when the initial membrane water becomes low (or the startup content density is relatively small). In the ambiguous zone, the cold-start failure mode may be either cathode pore blockage or anode dehydration. It is attributed to the stochastic freezing behavior of the supercooled water. For each initial membrane water content, two critical current densities can be identified, as distinguished by the solid and dashed lines, respectively. The critical current densities elevate with the increase of initial membrane water content, and the growth rate trend tends to decrease as well. Comparing Figure 7a ,b, it shows that the ambiguous zone tends to expand, and the critical current densities decrease as the startup temperature drops from −20 • C to −30 • C. This is physically attributed to the fact that the back-diffusion ability of membrane water becomes weaker at the lower startup temperature. As a result, the failure modes may tend to fall in the anode dehydration zone even if the cell is started with relatively high initial membrane water content.
The Map of
If the cell startup current density is larger than the critical current density denoted by the dashed line, the cell cannot be started successfully. The failure of the cold-start process is attributed to the anode dehydration. However, if the cell startup current density is smaller than the critical current density denoted by the solid line, the anode dehydration cannot be observed during the cell cold-start process, whether the startup process is successful or not. If the supercooled water does not freeze during the cold-start process, it can flow into the MPL, GDL, or even the GC [30] . The cell will continue to run for a long time, whose temperature keeps increasing, even above the freezing point. In this way, the cold-start process would be successful. Unfortunately, according to Equation (15) , the lower the temperature at which the cell starts, the larger the probability that the supercooled water will freeze. This indicates that the freezing process often occurs during the cold-start process. The cell cold-start process usually fails when the cell starts from a relatively lower startup temperature. In this study, since we are only concerned with the failure modes in the cell cold-start process, the numerical simulation results of the successful cold-start processes are ignored. respectively. The critical current densities elevate with the increase of initial membrane water content, and the growth rate trend tends to decrease as well. Comparing Figure 7a ,b, it shows that the ambiguous zone tends to expand, and the critical current densities decrease as the startup temperature drops from 20 C −° to 30 C −°. This is physically attributed to the fact that the backdiffusion ability of membrane water becomes weaker at the lower startup temperature. As a result, the failure modes may tend to fall in the anode dehydration zone even if the cell is started with relatively high initial membrane water content. If the cell startup current density is larger than the critical current density denoted by the dashed line, the cell cannot be started successfully. The failure of the cold-start process is attributed to the anode dehydration. However, if the cell startup current density is smaller than the critical current density denoted by the solid line, the anode dehydration cannot be observed during the cell coldstart process, whether the startup process is successful or not. If the supercooled water does not freeze during the cold-start process, it can flow into the MPL, GDL, or even the GC [30] . The cell will continue to run for a long time, whose temperature keeps increasing, even above the freezing point. In this way, the cold-start process would be successful. Unfortunately, according to Equation (15), the lower the temperature at which the cell starts, the larger the probability that the supercooled water will freeze. This indicates that the freezing process often occurs during the cold-start process. The cell cold-start process usually fails when the cell starts from a relatively lower startup temperature. In this study, since we are only concerned with the failure modes in the cell cold-start process, the numerical simulation results of the successful cold-start processes are ignored.
The Failure Mode in the Ambiguous Zone
As we have mentioned, the cold-start failure mode may be either cathode pore blockage or anode dehydration in the ambiguous zone. In this section, the effects of the supercooled water stochastic freezing behavior on the cell cold-start failure modes are discussed in detail. Without loss of generality, the cell is assumed to start from 
As we have mentioned, the cold-start failure mode may be either cathode pore blockage or anode dehydration in the ambiguous zone. In this section, the effects of the supercooled water stochastic freezing behavior on the cell cold-start failure modes are discussed in detail. Without loss of generality, the cell is assumed to start from −20 • C, and two typical cold-start process cases are mainly discussed. The corresponding initial membrane water contents are λ 0 = 5.0 and 7.8, respectively.
3.3.1. λ 0 = 5.0 and I 0 = 0.30 A/cm 2 In this case, the initial membrane water content is λ 0 = 5.0, and the startup current density is set to be I 0 = 0.30 A/cm 2 . As shown in Figure 7a , we know that the cell startup condition falls in the ambiguous zone. Due to the stochastic freezing process of the supercooled water, the cell cold-start process is simulated repeatedly, and two representative processes (denoted by P1 and P2) are presented here. In Figure 8a , the difference of cell voltage between P1 and P2 seems to be significant after the freezing process happens. In P1, the supercooled water freezes at t = 5.1 s. After that, the cell voltage drops continuously. According to the previous discussion, we know that this might be caused by the increase of ice volume fraction in CCL together with the dropping of membrane water content in ACL. However, in Figure 8b , the averaged ice volume fraction in CCL is still less than 0.5 when the cell shuts down at t = 8.6 s. Therefore, we can conclude that in P1, the cell cold-start failure mode is dominated by the anode dehydration. This can also be confirmed in Figure 9 , where the distribution of membrane water content along the thickness of CCL, MEM, and ACL is profiled. Generally, before the supercooled water freezes (e.g., t = 4.7 s), the membrane water content in CCL can reach as high as 14.0. But the membrane water contents in MEM and ACL are far less than that in CCL. After the freezing process occurs (e.g., t = 6.7 s), the membrane water content in CCL drops to the saturated level λ sat = 9.5, which corresponds to the lower saturated vapor pressure of the ice [35] . The gradient of the membrane water between CCL and MEM reduces, and the back-diffusion ability of the membrane water is enervated and even weaker than the EOD. As the cell keeps operating (e.g., t = 8.7 s), the membrane water content in ACL drops continuously, and the membrane water content near the interface between Energies 2020, 13, 256 13 of 20 ACL and MEM becomes even lower than 1.0. As a result, the proton conductivity becomes very small, and the cell cold-start process fails with the voltage dropping to almost zero rapidly, as shown in Figure 8a .
can reach as high as 14.0. But the membrane water contents in MEM and ACL are far less than that in CCL. After the freezing process occurs (e.g., 6.7 s t = ), the membrane water content in CCL drops to the saturated level sat 9.5 λ = , which corresponds to the lower saturated vapor pressure of the ice [35] . The gradient of the membrane water between CCL and MEM reduces, and the back-diffusion ability of the membrane water is enervated and even weaker than the EOD. As the cell keeps operating (e.g., 8.7 s t = ), the membrane water content in ACL drops continuously, and the membrane water content near the interface between ACL and MEM becomes even lower than 1.0. As a result, the proton conductivity becomes very small, and the cell cold-start process fails with the voltage dropping to almost zero rapidly, as shown in Figure 8a . The cell is supplied with dry hydrogen and oxygen.
The stoichiometry ratio of the mass flow rate is 2.0 for both anode and cathode sides. The background pressure is 1.0 atm at both the anode and cathode outlets.
In P2, the supercooled water freezes at 7.1 s t = , which is later than that in P1. In Figure 8a , it shows that the cell voltage does not keep dropping after the freezing process occurs. In Figure 8b , the averaged ice volume fraction in CCL tends to increase continuously as the cell keeps operating. When the averaged ice volume fraction goes up to more than 0.9, the cell voltage begins to drop rapidly, and the cell cold-start process fails. Unlike P1, the failure mode of P2 is attributed to the cathode pore blockage. Figure 10 gives the distribution of temperature, membrane water content, and diffusivity in the middle plane of CCL at the time, which is 1.6 s later than the occurrence of freezing. Since the freezing of supercooled water in P2 occurs later than that in P1, the corresponding amount of supercooled water in P2 is more substantial than that in P1. When the freezing process happens, more latent heat is released in P2, and the corresponding cell temperature is higher than that in P1, as shown in Figure 10a . Moreover, the membrane water content and diffusivity in P2 are higher than those in P1, as illustrated in Figure 10b ,c. Thus, the anode dehydration can be avoided even if the In P2, the supercooled water freezes at t = 7.1 s, which is later than that in P1. In Figure 8a , it shows that the cell voltage does not keep dropping after the freezing process occurs. In Figure 8b , the averaged ice volume fraction in CCL tends to increase continuously as the cell keeps operating. When the averaged ice volume fraction goes up to more than 0.9, the cell voltage begins to drop rapidly, and the cell cold-start process fails. Unlike P1, the failure mode of P2 is attributed to the cathode pore blockage. Figure 10 gives the distribution of temperature, membrane water content, and diffusivity in the middle plane of CCL at the time, which is 1.6 s later than the occurrence of freezing. Since the freezing of supercooled water in P2 occurs later than that in P1, the corresponding amount of supercooled water in P2 is more substantial than that in P1. When the freezing process happens, more latent heat is released in P2, and the corresponding cell temperature is higher than that in P1, as shown in Figure 10a . Moreover, the membrane water content and diffusivity in P2 are higher than those in P1, as illustrated in Figure 10b ,c. Thus, the anode dehydration can be avoided even if the freezing process occurs.
averaged ice volume fraction in CCL tends to increase continuously as the cell keeps operating. When the averaged ice volume fraction goes up to more than 0.9, the cell voltage begins to drop rapidly, and the cell cold-start process fails. Unlike P1, the failure mode of P2 is attributed to the cathode pore blockage. Figure 10 gives the distribution of temperature, membrane water content, and diffusivity in the middle plane of CCL at the time, which is 1.6 s later than the occurrence of freezing. Since the freezing of supercooled water in P2 occurs later than that in P1, the corresponding amount of supercooled water in P2 is more substantial than that in P1. When the freezing process happens, more latent heat is released in P2, and the corresponding cell temperature is higher than that in P1, as shown in Figure 10a . Moreover, the membrane water content and diffusivity in P2 are higher than those in P1, as illustrated in Figure 10b ,c. Thus, the anode dehydration can be avoided even if the freezing process occurs. In this case, we set the startup current density I 0 = 0.33 A/cm 2 when the initial membrane water content increases to λ 0 = 7.8. As illustrated in Figure 7a , the cell startup condition also falls in the ambiguous zone. Similar to the previous section, the numerical simulation is repeated, and in Figure 11 only two representative processes (denoted by P3 and P4) with the corresponding freezing time of supercooled water at 3.6 s and 9.5 s are presented. In Figure 11a , though the freezing time is different, the differences of the cell shutdown time are relatively small. In Figure 11b , it can be found that in P3, the averaged ice volume fraction in CCL tends to approach 1.0 when the cell voltage drops rapidly. Thus, the failure of the cell cold-start process is attributed to the cathode pore blockage. However, in P4, though the freezing process happens later than that in P3, the averaged ice volume fraction only approaches to 0.56 when the cell shuts down. The anode dehydration will be the principal reason to cause the failure of the cold-start process. This is different from those phenomena observed in P1 and P2, where the cell cold-start failure process is attributed to the cathode pore blockage if the occurrence of the freezing process is postponed.
However, in P4, though the freezing process happens later than that in P3, the averaged ice volume fraction only approaches to 0.56 when the cell shuts down. The anode dehydration will be the principal reason to cause the failure of the cold-start process. This is different from those phenomena observed in P1 and P2, where the cell cold-start failure process is attributed to the cathode pore blockage if the occurrence of the freezing process is postponed. In previous literature [30] , it has been mentioned that the supercooled water can transport through the water pathway from CL to GDL and even GC. It can be expected that if the supercooled water freezes later, the more supercooled water will be expelled from the CCL into the MPL, GDL or GC. Thus, during the cell cold-start process more produced water or ice can be stored in the MPL and GDL. On the other hand, since the solid ice cannot flow, more produced water or ice will accumulate in the CCL if the supercooled water freezes earlier. Therefore, the CCL is more likely to be blocked by ice if the supercooled water freezes more prior. In P3, the freezing process occurs at 3.6 s. It is much earlier than that in P4, where the freezing process occurs at 9.5 s. The corresponding ice volume fraction in CCL at 11.9 s t = is contoured in Figure 12a . In P3, the ice volume fraction in CCL is more significant than that in P4. It means that more pores in CCL are blocked in P3 than those in P4. In In previous literature [30] , it has been mentioned that the supercooled water can transport through the water pathway from CL to GDL and even GC. It can be expected that if the supercooled water freezes later, the more supercooled water will be expelled from the CCL into the MPL, GDL or GC. Thus, during the cell cold-start process more produced water or ice can be stored in the MPL and GDL. On the other hand, since the solid ice cannot flow, more produced water or ice will accumulate in the CCL if the supercooled water freezes earlier. Therefore, the CCL is more likely to be blocked by ice if the supercooled water freezes more prior. In P3, the freezing process occurs at 3.6 s. It is much earlier than that in P4, where the freezing process occurs at 9.5 s. The corresponding ice volume fraction in CCL at t = 11.9 s is contoured in Figure 12a . In P3, the ice volume fraction in CCL is more significant than that in P4. It means that more pores in CCL are blocked in P3 than those in P4. In Figure 12b , the membrane water content distribution along the thickness of CCL, MEM, and ACL at t = 11.9 s is presented. Since the freezing of supercooled water has occurred, the membrane water content in CCL approaches to the saturated content (λ sat = 10.6). However, the MEM is still unsaturated, and it can keep absorbing the product membrane water continuously. In the region of CCL close to the CCL/MEM interface, the membrane water content is distinctively lower than the saturated value, and the cathode pores keep unblocking. Since the cell cold-start process is operated in the galvanostatic state, it is expectable that the electrochemical reaction is mainly located in this unblocked region. This results in the relatively high local temperature and membrane water content in the part of CCL close to the CCL/MEM interface. The gradient of membrane water content across the CCL/MEM interface in P3 is prospected to be higher than that in P4, as illustrated in Figure 12b with ∆λ P3 > ∆λ P4 . This will promote more product water in CCL diffusing back into MEM and ACL. As the cell keeps operating, the ice volume fraction in CCL increases continuously as well as the membrane water content in ACL, as shown in Figure 13 with the solid line. Thus, in P3, the failure of cell cold-start process is caused by the cathode pore blockage instead of the anode dehydration.
the CCL/MEM interface in P3 is prospected to be higher than that in P4, as illustrated in Figure 12b with P3 P4 λ λ Δ > Δ . This will promote more product water in CCL diffusing back into MEM and ACL.
As the cell keeps operating, the ice volume fraction in CCL increases continuously as well as the membrane water content in ACL, as shown in Figure 13 with the solid line. Thus, in P3, the failure of cell cold-start process is caused by the cathode pore blockage instead of the anode dehydration. The distribution of (a) ice volume fraction in CCL for the processes P3 and P4 at t = 11.9 s, and (b) membrane water content along the thickness of CCL, MEM, and ACL. The cell starts from −20 • C with initial membrane water content λ 0 = 7.8 and current density I 0 = 0.33 A/cm 2 . The cell is supplied with dry hydrogen and oxygen. The stoichiometry ratio of the mass flow rate is 2.0 for both anode and cathode sides. The background pressure is 1.0 atm at both the anode and cathode outlets.
As the cell keeps operating, the ice volume fraction in CCL increases continuously as well as the membrane water content in ACL, as shown in Figure 13 with the solid line. Thus, in P3, the failure of cell cold-start process is caused by the cathode pore blockage instead of the anode dehydration. 
Representative process P3 Representative process P4

Freezing time in P3
Freezing time in P4 Figure 13 . The evolution of the ACL volume-averaged membrane water content in process P3 and P4. The cell starts from −20 • C with initial membrane water content λ 0 = 7.8 and current density I 0 = 0.33 A/cm 2 . The cell is supplied with dry hydrogen and oxygen. The stoichiometry ratio of the mass flow rate is 2.0 for both anode and cathode sides. The background pressure is 1.0 atm at both the anode and cathode outlets.
According to the above P1 to P4 processes, we know that the cold-start failure mode in the ambiguous zone mainly depends on the occurrence of the stochastic freezing process. When the initial membrane water content is relatively small, as listed in Table 3 , the failure mode is dominated by anode dehydration if the freezing process occurs earlier. Otherwise, the failure mode is attributed to the cathode pore blockage. However, the opposite is exact for the situation with high initial membrane water content. In this section, the cell started from −20 • C is considered in detail. It is worth noting that similar results can also be obtained for the cell started from −30 • C. Due to the presence of the ambiguous zone, the phenomena that may occur during the cell cold-start process, become complicated and unpredictable. Table 3 . The failure modes in the ambiguous zone with startup temperature −20 • C.
Startup Condition
Freezing Occurs Earlier Freezing Occurs Later λ 0 = 5.0, I 0 = 0.30 A/cm 2 Anode dehydration (Process P1) Cathode pore blockage (Process P2) λ 0 = 7.8, I 0 = 0.33 A/cm 2 Cathode pore blockage (Process P3) Anode dehydration (Process P4)
Conclusions
In this study, a numerical model has been introduced to simulate the cold-start process of PEFC. The stochastic freezing process of supercooled water is included. The validation results of the model are consistent with the experimental data in previous literature. Based on this model, the cold-start failure processes of PEFC are studied numerically. The influences of initial membrane water content and startup current density on the failure processes are mainly concerned with various startup temperatures. The results show that the failure of the cell cold-start process can be distinguished into two modes, which are physically attributed to the anode dehydration and cathode pore blockage. The dominant failure mode can be determined according to the startup current density and the initial membrane water content. The predominant failure mode is mainly attributed to the anode dehydration if the cell startup current density is large. However, the cell failure mode is dominated by the cathode pore blockage if the cell's initial membrane water content is high. On the λ 0 − I 0 plane, the map of startup failure mode has been plotted with various startup temperatures. According to the map, the anode dehydration failure mode can be avoided by choosing the relatively high initial membrane water content and small startup current density. However, it is a pity that the value of initial membrane water and startup current density, at which the cold-start process could be successful, is still unreachable. Due to the stochastic freezing behavior of the supercooled water, an ambiguous zone can be observed, where the cold-start failure mode is uncertain. It mainly depends on the stochastic occurrence of the freezing process.
It is worthy to note that we focus on the failure mode of the cell cold-start process, and only the simulation results of failed cold-start processes are presented. The above phenomena and corresponding critical values of initial membrane water and startup current density are predicted only by numerical simulation. They may rely on the cell material and structure properties, such as the ionomer volume fraction, the membrane thickness, the porosity of CL, and the contact angle of CL/MPL/GDL. Frankly, the exact values of these property parameters are hard to determine, and the uncertainty of these values do influence the accuracy of the model. However, the presence of the failure mode and the corresponding physical explanation is reasonable. We hope that these phenomena can be observed in future experimental research. 
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